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a b s t r a c t
Flood indicators are generally used to understand ﬂoods from management perspective. The indicators
are designed to recognize the ﬂood intensities including their magnitude and clustering features. Peak
ﬂood discharge or peak ﬂood level is usually used to describe the ﬂood intensity. In this paper,we describe
ﬂood event by ﬁve elements including the peak discharge, the peak level, the maximum 24-h volume,
the maximum 72-h volume and the total ﬂood volume. To demonstrate the signiﬁcance of using multiple
indicators, we investigate the ﬂood events in Wujiang River, South China, over 53 years as a case study.
The analysis revealed signiﬁcant increasing trends on the peak discharge and the maximum 24-h volume
while theﬂoodpeak level, the total ﬂoodvolumeand themaximum72-hvolumehadonlyweak increasing
trends. That is, different indicators showed different ranks of ﬂood intensity. Therefore, a single indicatorlustering cannot capture all vital aspects of a ﬂood event. The fuzzy c-means algorithm (FCM) is then used to
categorizeﬂoodevents into similar groupswithinwhich theﬂood intensities exhibithigh internal (within-
cluster) homogeneity. The clustering results showed that heavy ﬂoods have increasingly occurred in the
research river basin since the 1990s, and therefore the ﬂood situation in Wujiang River needs more
attention to guarantee the ﬂood mitigation by strengthening ﬂood protection facilities.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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i. Introduction
Floods are among the most devastating natural disasters and
laim many lives every year (Dilley et al., 2005). The extent of its
amage is enhanced by population growth, accelerating urban-
zation process, fast industry development, especially irrational
xploitation of land, water resources and forest (Drogue et al.,
004). It has been reported (EM-DAT, 2002) that ﬂooding affected
,046,770,000 people-times over the world and 1,674,670,000
eople-times in China alone, from 1900 to 2007. The regional ﬂood
anagement is a complex and exhausting issue and the topicswith
espect to ﬂoodhave attractedwidespread scientiﬁc interest.Many
esearches focused on the ﬂood detection and monitoring (Felipe
∗ Corresponding author at: Center for Water Resources and Environment, Sun
at-sen University, Guangzhou 510275, China. Tel.: +86 02084115901.
E-mail address: eescxh@mail.sysu.edu.cn (X.-H. Chen).
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925-8574/©2014 TheAuthors. Published by Elsevier B.V. This is an open access article unt al., 2006), ﬂood management (Plate, 2002), ﬂood risk manage-
ent (Johnson, 2007) and ﬂood forecasting (Kim and Barros, 2001).
Flood occurrences are increasing in many regions of the world
Drogue et al., 2004). Following the fourth IPCC assessment report
IPCC, 2007), enhancedmeteorological extremes are to be expected
uring 21st century (Reggiani and Weerts, 2008). River ﬂoods are
lso signiﬁcantly affected by human activities such as land use
hanges, urbanization, dam construction, gravel and sand min-
ng. More and more researchers have paid high concerns on ﬂood
ntensity. The destructive capacity of a ﬂood is used to character-
ze its intensity. Flood intensity is estimated by several uncertain
ariables, such as ﬂood peak discharge and ﬂood volume, which
re deﬁned to be ﬂood indicators here. However, ﬂood intensity
nalysis has mainly focused on single ﬂood characteristic, such as
eak ﬂood discharge or peak ﬂood level. A number of researchers
ave studied the peak ﬂood discharge and ﬂood volume in various
egions over the world and found that peak ﬂood discharge has
ifferent characteristics in different regions (Ouarda et al., 2000;
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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ervantes et al., 1982; Akan and Antoun, 1994; Choulakian et al.,
990). Until now, the calculation of ﬂood intensity remains one
f the main challenges for hydrologists involved in the planning,
esigning and management of engineering projects such as dams,
pillways, highways and stormwatermanagement systems. In fact,
ood intensity is particularly complex to be characterized because
t may have different features from different aspects and such fea-
ures can have different behaviors in different river basins. Ahmed
nd Mirza (2000) pointed out that the ﬂood intensity index should
e calculated by multiplying several factors such as the duration
number of days) apart from the destructive capacity and the area
ffected. Such calculations for ﬂoods in Bangladesh suggested that
he 1998ﬂoodwas farworse than that of 1988 based on the consid-
ration of the ﬂood duration (Ahmed and Mirza, 2000). Beck et al.
2002) suggested that the ﬂood intensity should be determined by
he water height and velocity. French and Miller (2011) stated that
he ﬂood intensity is determined by the ﬂow depth and velocity.
revious studies concentrated on the ﬂood magnitudes and corre-
ponding frequencies. For example, Swades and Surajit (2012) used
hree variables includingﬂood level high, ﬂood frequency andﬂood
tagnationperiod to evaluate theﬂood intensity. Pinter et al. (2006)
ound signiﬁcant upward trends in ﬂood magnitude as well as fre-
uency at the gauges Cologne and Bonn in the Rhine catchment
rom1900 to2002. Theresia andBruno (2009) pointedout that dur-
ng the last decades several destructiveﬂoods inGermany led to the
mpression that the frequency and/or magnitude of ﬂooding were
ncreasing. Numerous studies on ﬂood intensity have focused on
inking ﬂood frequency. There is a need to better understand ﬂood
ntensitybyconsideringdifferentﬂooding features simultaneously,
hich leads the current research.
Thevariationofﬂood featuresand increasingﬂooding frequency
n Wujiang River is a motivation of our current work from both sci-
ntiﬁc research and management. For example, only four severe
oods in the Wujiang River Basin were recorded over a 90-year
eriod from 1850 to 1940. However, 5 more severe ﬂoods occurred
n 1961, 1968, 1994, 2002 and 2006 (Zhou and Lai, 2003; Han
nd Chen, 2003; Zhou and Zhou, 2002; Cheng, 2006). In order to
nderstand the intensity of a speciﬁc ﬂood event in a river basin,
ultiple ﬂood indicators should be considered in order to better
haracterize the ﬂood. Cluster analysis provides a sensible way to
roup the ﬂood events, making it possible to detect and analyze
he indicators for the similar groups among the ﬂood events. The
rimary purpose of ﬂood cluster analysis is to assemble objects
ased on the characteristicswhich the ﬂoods possess. Several stud-
es have used clustering technique in ﬂood analysis. For example,
hen et al. (2011) used fuzzy clustering analysis which is based
n fuzzy equivalent relation to analyze the ﬂood disaster of 30
rovinces in China in 2008, and the results showed that fuzzy clus-
ering analysis method was suitable for the grade division of ﬂood
isaster. Other ﬂood clustering studies aim to group similar ﬂood
vents, which are then explained in terms of hydrological pro-
esses. Lecce (2000) investigated spatial variations in the timing of
he annual ﬂood in the southeasternUSbyk-means clustering algo-
ithm. Most clustering methods have been used in the context of
egionalization, focusing more on the ﬂood (ﬂood processes, ﬂood
isaster) than on ﬂood intensity. There are many clustering meth-
ds being introduced in literature. And the fuzzy c-means (FCM),
hemostwell known andpowerfulmethod in cluster analysis, is an
xtension of hard c-means (HCM). In this paper, fuzzy c-means is
hosen because it produces clusters by identifying the cluster cen-
roid and their corresponding degree of membership and therefore
llows one set of data to belong to two or more clusters. Another
dvantage of fuzzy c-means (FCM) for segmentation is its compu-
ational efﬁciency. The fuzzy clustering has been shown to be less
fﬂictedby local optimaproblems in theestimationprocedures and
3
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roduce high quality segmentation compared to the other avail-
ble algorithms. There are numerous studies in literature using
CM clustering technique to solve engineering problems such as
arget recognition, soil clustering (Goktepe et al., 2005) and image
egmentation (Chuang et al., 2006).
Developing a better understanding of ﬂood intensity in the tim-
ng of ﬂoods is necessary for hydrologists, planners and managers
o be able to assess ﬂood intensity and develop improved ﬂood
rotection strategies. In this paper, we explore the ﬂood intensity
y different ﬂood characteristics. We evaluate ﬁve indicators (peak
ischarge, peak water level, the maximum 24-h volume, the max-
mum 72-h volume and the total ﬂood volume) and analyze their
hanges over time to reveal the features and variations of ﬂood
ntensity at Lishi station on Wujiang River. As any single indicator
lone cannot properly describe ﬂood intensity, the clustering tech-
ique was showed to be an effective tool to evaluate the effects
f ﬂood intensity over the study region by summarizing different
ood characteristics including theﬁve indicators used in this paper.
e will also discuss the clustering result of ﬂood intensity by FCM.
. Study area and data
Beijiang River, with a drainage area of 46,710km2, is a main
ranchof thePearlRiver.WujiangRiver, oneof thebiggestbranches
f Beijiang River, is chosen for case study in this paper. It originates
t the three Mountain Ridges of Linwu County in Hunan Province
nd is located at the latitude of 24◦ 46′ to 25◦ 41′ N and longitude
f 112◦ 23′ to 113◦ 36′ E (Fig. 1). The drainage area of Wujiang River
asin is 7097km2 and the lengthof the river is about 260km.Yearly
veraged precipitation is approximately 1300–1500mm with a
onsiderable year-to-year variation. The annual average discharge
f Wujiang River Basin is over 6125×109 m3. The normal natu-
al maximum ﬂows occur during the ﬂood season from April to
eptember, with the annual average discharge of approximately
477×109 m3 at Lishi station.
Flooding in Wujiang River Basin is a common phenomenon
nd often causes considerable damages. For example, in July 2006,
eavyﬂoods causedmore than$58billionofdirect loseof economy,
nd killed over 52 lives. Agriculture was the most seriously dam-
ged sector. In spite of this, there has not been any research work
oncerning the change of ﬂood characteristics in the river basin.
his paper analyses the characteristics of ﬂood and ﬂood intensity
t Lishi station of the Wujiang River. The available ﬂood data of
ujiang River covers a period of 53 years from 1955 to 2007
The Lishi hydrological station, which is located near the mouth
f the river and controls a drainage area of 6976km2 account-
ng for 9821% of Wujiang River Basin, is a representative station
or the Wujiang River. Long ﬂood records from Lishi hydrological
tation from 1955 to 2007 were collected as the continuous ﬂood
epresentative of the ﬂood processes in the river. Different ﬂood
vents represent different climate phenomena. For example, the
ig ﬂoods are usually driven by typhoon, while the common ﬂoods
re generated by frontal rainfall. In total, there are 53 ﬂood events
ith representative of ﬂood intensity, duration, peakdischarge, the
aximum 24-h volume, the maximum 72-h volume and ﬂood vol-
me which are used to captured the ﬂood features and analyzed in
his study.
. Flood indicators and their calculation methodology.1. Indicators of ﬂood events
The characteristics of a ﬂood event can be described mainly by
ve indicators: its peak discharge (the maximum discharge of this
68 L.-N. Wang et al. / Ecological Engineering 76 (2015) 66–74
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TFig. 1. Location of the stud
ood event), peak level (the water level corresponding to the peak
ischarge), themaximum24-h volume (themaximumwater quan-
ity of a 24-h period of this ﬂood event), themaximum72-h volume
the maximum water quantity of a 72-h period of this ﬂood event)
nd the total ﬂood volume (the total water quantity of this ﬂood
vent). The total ﬂood volume is the total amount of the ﬂood dis-
harge for a speciﬁc ﬂood event and, is contributed by not only
ischarge but also to duration of the ﬂood. Flood duration may be
ifferent fordifferentﬂoodsand is therefore avery important factor
f a ﬂood event. Flood volume at a speciﬁc time period can be used
o reﬂect the ﬂood intensity for different ﬂood events. The speciﬁc
ime period is chosen from 1h to t hours, where t is not bigger than
he ﬂood duration. For example, the maximum 3-h ﬂood volume,
he maximum 4-h ﬂood volume, the maximum n-hours (n=1, 2,
,. . ., t) ﬂood volume, can be used as indicators for ﬂood intensity.
or a speciﬁc ﬂood event, the ﬂood volume within a speciﬁed time
eriod, denoted by Vn (n=1, 2, 3,. . ., t) in this paper, is also a key
actor for successful design and planning of various water resource
anagement projects. Given that ﬂood durations in Wujiang river
asin mostly concentrate within 3 days, the maximum 24-h ﬂood
olumes (V24) and themaximum72-h ﬂood volumes (V72) are cho-
en as the key indices in ﬂood intensity analysis in this paper.
In summary, the ﬂood intensity is computed by all the ﬁve indi-
ators, i.e., the peak ﬂow (Q), the peak level (H), themaximum24-h
ood volume (V24), the maximum 72-h ﬂood volume (V72) and the
otal ﬂood volume (V)..2. Determination of ﬂood duration
Flood duration is deﬁned as the time span from the beginning to
he end of a ﬂood event and is derived as following. First, the right
i
V
iand hydrological station.
ood process is determined according to the ﬂood data. By taking
ﬂood in 1982 as an example, one can depict the ﬂood process
s shown in Fig. 2(a and b). Although there were three ﬂoods in
982, ﬂood series II has the biggest peak ﬂood (2520m3/s), which
smuch bigger than that of ﬂood series I and III (Fig. 2a). Second, the
eginning and end times are identiﬁed as following: the beginning
or end) time is the nearest bottom point on the left (or right) of
he peak ﬂow, as shown in Fig. 2(b). At the same time, the duration
f this ﬂood event can be measured as the time difference between
oints A and B. It can be seen that the ﬂood duration of this event
s 330h, spanning from May 10th, 8:00 (point A) to May 24th, 2:00
point B) in Fig. 2(b).
.3. Calculations of V24 and V72
Weonly take the calculationof themaximum72-hﬂoodvolume
s an example. For a hypothetical ﬂow process given in Fig. 3, the
2-h ﬂood volume ((V ′72)Ts ) is determined by
V ′72)Ts =
∫ Te
Ts
Qj dt =
Te∑
j=Ts
Qj (1)
here Qj is the observed discharge of the jth hour for a ﬂood event,
s = 1,2, . . ., t − 71 and t is nomore than the ﬂoodduration. Te − Ts
s 72h. So, the maximum 72-h ﬂood volume (V72) is deﬁned by
72 = max{(V ′72)Ts }.
The calculation of V24, the maximum 24-h ﬂood volume, is sim-
lar to that of V72.
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xig. 2. Illustration of the determination of ﬂood duration using the ﬂood processes
n year 1982.
.4. FCM algorithm
The clustering method can be used to detect the similar groups
mong observed ﬂoods and therefore the results exhibit high
nternal (within-cluster) homogeneity of the ﬂood. The fuzzy c-
eans algorithm (FCM), originally introduced by Dunn (1973) and
mproved by Bezdek (1981), is one of the most widely used fuzzy
lustering algorithms. The algorithm is based on minimization of
he following objective function
m(U, V) =
n∑
i=1
k∑
j=1
umij d
2
ij, for 1 ≤ m ≤ ∞ (2)
ith d2
ij
= ||xj − vi||2 and U = {uij}; v = (v1, v2, . . ., vn), where uij is
he degree of membership of xj in the ith cluster, vi is the ith clus-
er center, ||*|| is a norm expression of the similarity between any
easured data and the center.m is any real number of greater than
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oujiang River. The thick line is a tendency line with a determination index R2. The
orizontal dash line indicates the 2547.17m3/s yearly mean peak discharge from
955 to 2007.
Fuzzy partition is carried out through an iterative optimization
f Eq. (2) by updating membership uij and the cluster center vi via
ij =
⎡
⎣ k∑
j=1
(
dik
djk
)2/(m−1)⎤⎦
−1
(i = 1,2, . . ., n; j = 1,2, . . ., k)(3)
i =
∑n
i=1u
m
ij
xj∑n
i=1u
m
ij
(4)
The iteration stops when maxij{|uk+1ij − ukij|} < ε, where ε is a
re-determined tolerance value between 0 and 1, and k is the
umber of the iteration steps. This procedure converges to a local
inimum or a saddle point jm.
.5. Data normalization
The ﬁve indicators of a ﬂood event have different physical
eaning and different measurement units. In order to eliminate
ifferences in the units and dimensions of different process vari-
bles, data pretreatment is needed. Four types of data pretreatment
ave been used in literature: (1) mean centering, (2) differentia-
ion, (3) normalization, and (4) auto-scaling (Amrhein et al., 1996).
n this paper, we use the normalization described below. Given
ﬂood data matrix x0
ij
representing the ith observation of the jth
ariable, then the normalization is:
ij =
x0
jmin
x0
jmax − x0jmin
(5)
here xij is the normalized value. After the normalization, the orig-
nal ﬂood datamatrix x0
ij
is transformed into the datamatrix xij with
ijε[0,1].
. Results and discussion
.1. Characteristics of ﬂood in Wujiang River Basin
The maximum annual ﬂood peak discharges, over the period
rom 1955 to 2007, are shown in Fig. 4. The peak discharge in 2006
8800m3/s) was about 25 times larger than the mean peak dis-
harge (2547.17m3/s) of the 53 years in Wujiang River. According
o the investigation on the ﬂood history, the ﬂood in July 2006 was
he most extreme one in Wujiang River since 1955. In July 2006,
he typhoon named Bilis transported to Wujiang River Basin and
aused heavy rainfall (Guo, 2008; He et al., 2008). Radar images
ndicated that the precipitation ﬁelds moved quickly over most
f Wujiang River (Guo, 2008). Actually, the big ﬂoods in recent
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ears in Wujiang River were mainly typhoon driven. Fig. 4 shows
hat there are three years having peak discharge over 5000m3/s:
994, 2002 and 2006, which all occurred after the 1990s with
wo in the 21 century. The ﬂood with the fourth largest discharge
4330m3/s) happened in1968. This indicates that in this hydrologi-
al regime,ﬂoodevents arevery special in recent20yearsdue to the
hange in meteorological element and intensive human activities.
heWujiang River Basin has an area of 7097km2 with a population
f 1,730,758 in 2006. There are three counties (Yizhang, Linwu and
uyuan), 2districts (ZhenjiangandWujiang)andonecity (Lechang)
nWujiang River Basin. Lechang citywithmore than 523,000 popu-
ation in 2006 is themost intensive human activity area inWujiang
iver Basin. At the beginning of this century, the urbanization in
ujiang River Baisn, especially in Lechang city, began to acceler-
te. The human inﬂuence mainly comes from urbanization. With
he accelerated development of urbanization, the natural environ-
ent has been basically destroyed. Urbanization and other human
ctivitieswithin anurban systemeffect features of ﬂood event such
s shortening ﬂood duration and increasing peak ﬂood discharge.
nalysis of the peak ﬂood by linear regression reveals an increas-
ng trend in peak ﬂood discharge (see Fig. 4), which is marginally
tatistically signiﬁcant (p-value =0.0976).
Fig. 5a gives the examples of ﬂood events, from which it can
e seen that the total ﬂood volume in 2002 ﬂood is smaller than
hat in 1994, in spite of the similar annual maximum peak dis-
harge. Fig. 5b shows that there are 72h from point A1 to A2 in
999, from point B1 to B2 in 1961 and from point C1 to C2 in 1955.
hemaximum72-hﬂood volumes (V72) in 1955, 1961 and1999 are
3.27×104 m3, 19.31×104 m3 and 10.72×104 m3 respectively.
ccording to Fig. 5b, the biggest peak discharge occurred in 1961,
nd the smallest peak discharge occurred in 1955. The ﬂood vol-
me was 13.88×104 m3 in 1999 and 23.36×104 m3 in 1961.
he longest ﬂood duration occurred in 1955, with ﬂood volume
25.89×104 m3) being correspondingly bigger than that in 1999
nd 1961 (Fig. 5b). The ﬂood durations in 1955, 1961 and 1999
ere 324h, 130h and 150h, respectively. The main factors caus-
ng the differences of the ﬂood duration in 1955, 1961 and 1999
ere total rainfall amount, total rainfall duration and the maxi-
um ﬂood discharge. While the total rainfall amount and duration
ere respectively 184.8mm and 120h in 1955, 157.9mm and 96h
n 1961 and 109.2mm and 72h in 1999. It shows a deep corre-
ponding relationship between rainfall and ﬂood in the study basin
here rainfall is the unique source of ﬂood.
Fig. 6a shows the ﬂuctuation of annual ﬂood volume at Lishi
tation in Wujiang River during 1955–2007. An increasing ten-
ency with the largest annual ﬂood volume in 2006 can be seen.
he cumulative annual peakdischarge and cumulative annual ﬂood
olume are plotted in Fig. 6b, from which it can be seen that both
he cumulative ﬂood volume and cumulative peak discharge have
r
v
a
ig. 6. Fluctuation of ﬂood volume series at Lishi Station in Wujiang River during 1955–20
he thick solid line denotes the variation tendency.Fig. 5. The ﬂood process.
imilar trends and that the slope of the two plots keep no change.
his concludes that both peak ﬂood discharge and annual ﬂood
olumehave a similar variation during the study period of 53 years.
Fig. 7a shows the peak ﬂood levels observed in Wujiang River
asin from 1955 to 2007. For the ﬁfty ﬂood events extracted,
eak ﬂood levels ranged from 55.87m to 64.86m, while the corre-
ponding peak discharges ranged from 630m3/s (on 25/3/1963) to
800m3/s (on 14/7/2006). According to Fig. 7b both the cumulative
eak ﬂood level and cumulative peak discharge have similar trends
nd the slope of the two plots keep no change from 1955 to 1993.
owever, the two cumulative curves show a change point in 1993.
his indicates that the annual ﬂood peak discharge increased more
apidly than the annual ﬂood peak level since 1993.
Fig. 8a gives the variation of the annual maximum 24-h ﬂood
olume during 1955–2007. The maximum 24-h volumes show
clear evidence of increasing ﬂux (p-value =0.0919), that is, the
07. The horizontal dash line indicates the 1.96×105 m3 yearly mean ﬂood volume.
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Fig. 7. Variations of the ﬂood peak level of Wujiang River during 1955–2007. The horizontal dash line shows the 58.71m yearly mean peak ﬂood level. The thick solid line
is the tendency line.
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tig. 8. Variations of the maximum 24-h volume during 1955–2007 in Wujiang Riv
ine. The horizontal line represents the 5.366×104 m3 yearly mean value of the ma
ositive linear trend ﬁtted to the data is signiﬁcant at the 90% level
f signiﬁcance. According to Fig. 8b both cumulative maximum 24-
ﬂoodvolumesandcumulativepeakdischargehave similar trends,
nd the slopes of the two plots keep no change. This indicates that
he maximum 24-h ﬂood volume has a similar variation tendency
ith the peak discharge.
The records of the maximum 72-h ﬂood volume are presentedn Fig. 9a. The analysis of the variability of the annual maxi-
um 72-h ﬂood volume by linear regression reveals a continuous
eak increase, which was marginally statistically signiﬁcant (p-
alue =0.119). Both cumulative peak discharge and cumulative
l
h
2
t
ig. 9. Variations of the maximum 72-h volume during 1955–2007 in Wujiang River. Th
he 1.193×105 m3 yearly mean value of the maximum 72-h ﬂood volume.shows an increasing trend. The thick line is the maximum 24-h volume tendency
24-h ﬂood volume.
aximum72-hﬂoodvolumehave similar trends, as the two cumu-
ative curves coincide (Fig. 9b).
.2. Relationship among the ﬂood indicators
The scatter plots between indicators are given in Fig. 10. It canbe
een that there is a signiﬁcant linear correlationbetweenﬂoodpeak
evel and peak ﬂood discharge (Panel (4, 1)). Panel (3, 1) reveals a
igh correlation between the ﬂood peak level and the maximum
4-h ﬂood volume. Panel (3, 2) shows a high correlation between
hepeak discharge and themaximum24-hﬂood volume.However,
e thick line is the maximum 72-h volume tendency line. Horizontal line indicates
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vig. 10. Scatter plot of the variable matrix between different ﬂood indicators (H: th
aximum 72-h ﬂood volume, V: the total ﬂood volume).
he relationship between ﬂood volume and peak level (Panel (1, 1))
as not strong. The correlation between ﬂood volume and peak
ischarge (Panel (1,2)) was even weaker.
The ﬂood in 2006was the biggest one from1955 to 2007 in term
f all the ﬂood indicators, with the peak discharge of 8800m3/s
eing much bigger than the second one (5300m3/s in 1994). The
iggest data point appeared in the scatter plot matrix (Fig. 10)
resents both the y-value of 6.218×105 m3 (ﬂood volume) and
-value of 64.86m (peak level) in panel (1, 1).
To demonstrate the different ﬂood intensity orders, we analyze
he order of the top eight biggest ﬂoods in details. The indicator
alues of different ﬂood intensity are ranked in decreasing order
y the ﬂood peak level, the peak discharge, the total ﬂood vol-
me, the maximum 24-h ﬂood volume and the maximum 72-h
ood volume. The top eight highest peak ﬂood levels, arranged in
escendingorder,were in2006, 1994, 2002, 1968, 1961, 1973, 1993
g
i
2
w
able 1
he ranking result for different ﬂood characteristics in 1955, 1961, 1968, 1984, 1994, 199
Year Item H (m) Q (×103 m3/s)
1955 Value 58.96 2.47
Rank 34 28
1961 Value 61.18 4.27
Rank 49 49
1968 Value 61.26 4.33
Rank 50 50
1984 Value 58.18 2.18
Rank 21 23
1994 Value 62.08 5.3
Rank 52 52
1999 Value 59.28 2.85
Rank 40 40
2002 Value 61.8 5.06
Rank 51 51
ote: (1) The ranks are given in ascending order. (2) H: the ﬂood peak level, Q: the peak
olume, V: the ﬂood volume.d peak level, Q: the peak discharge, V24: the maximum 24-h ﬂood volume, V72: the
nd 2005. Of the 53 ﬂoods, the 8 highest peak discharges of bigger
han 3500m3/s, in ascending orderwere in 1993, 1975, 1973, 1961,
968, 2002, 1994 and 2006. The 8 biggest ﬂood volumes ranked as:
981, 1978, 1992, 2002, 1997, 1968, 1994 and 2006 in increasing
rder. The maximum 24-h volumes arranged from the highest to
he smallest are: 2006, 1994, 2002, 1968, 1961, 1973, 1993 and
985. The highest values of the maximum 72-h volume recorded,
f bigger than1.4×105 m3,were inyears of 2006, 1994, 2002, 1968,
961, 1976, 1978 and 2007 in decreasing order.
From the above ranks we can see that different indexes give
ifferent ﬂood intensity orders. The ranks of different ﬂood char-
cteristics in 1955, 1961, 1968, 1984, 1994, 1999 and 2002 are
iven in Table 1. It can be seen that the third largest ﬂood event
n term of the ﬂood peak level, the peak discharge, the maximum
4-h volume and the maximum 72-h volume occurred in 2002,
hich corresponds to the ﬁfth largest ﬂood event in term of the
9 and 2002.
V24 (×104 m3) V72 (×105 m3) V (×105 m3)
5.502 1.327 2.589
34 37 43
9.396 1.931 2.336
49 49 40
9.616 2.535 5.547
50 50 51
4.540 0.884 1.331
23 16 16
11.921 2.886 5.594
52 52 52
5.804 1.073 1.388
38 27 19
11.155 2.544 3.768
51 51 49
discharge, V24: the maximum 24-h ﬂood volume, V72: the maximum 72-h ﬂood
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Table 2
The correlation coefﬁcients between the indicators.
Correlation coefﬁcients H Q V24 V72 V
H 1 0.9763 0.9684 0.929 0.7651
Q 0.9763 1 0.9905 0.9551 0.7727
V24 0.9684 0.9905 1 0.9728 0.799
V72 0.929 0.9551 0.9728 1 0.8889
V 0.7651 0.7727 0.799 0.8889 1
Note: (1) The ranks are given in ascending order. (2) H: the ﬂood peak level, Q: the
peak discharge,V24: themaximum24-hﬂood volume,V72: themaximum72-hﬂood
volume, V: the ﬂood volume.
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that heavy ﬂoodswere in an increase tendency during the 53 years.
For example, the occurrence ratio of heavy ﬂoods (ﬂood classes I
and II) increased from 377% in the 1950s to 566% in the 1960s and
1970s, and further to 1698% after the 1990s. From themanagement
T
Tnnual ﬂood volume. The ﬁfth largest ﬂood event in term of the
ood peak level, the peak discharge, the maximum 24-h volume
nd the maximum 72-h volume occurred in 1961 corresponds to
he 14th largest ﬂood event in term of the annual ﬂood volume.
herefore, we can only compare the ﬂood events by using the same
ndicators, and it should be reasonable to describe a ﬂood event by
ll the ﬁve indicators.
A number of the correlation coefﬁcients between the indica-
ors are presented in Table 2, in order to estimate the value of
he correlation coefﬁcient based on Fig. 10. The sign of the cor-
elation coefﬁcients deﬁne the direction of the relationship. The
ositive correlation coefﬁcient means that as the value of one vari-
ble increases, the value of the other variable increases. The value
f the correlation coefﬁcient measures the strength of the relation-
hip. The bigger correlation coefﬁcient is, the stronger degree of
inear relationship will be. For example, a correlation coefﬁcient
f R(H,Q)(0.9763) indicates a stronger degree of linear relation-
hip thanR(H,V)(0.7561) between its corresponding variable. The 10
orrelation coefﬁcients ranked as: R(Q,V24)(0.9905), R(H,Q)(0.9763),
(V24,V72)(0.9728),R(H,V24)(0.9684),R(Q,V72)(0.9551),R(H,V72)(0.929),
(V72,V)(0.8889), R(V24,V)(0.799), R(H,V)(0.7727), R(H,V)(0.7561) in
ecreasing order.
able 3
he result of matrix U by FCM method.
Year U matrix
I II III IV
1955 0.0007 0.0185 0.977 0.0039
1956 0.0038 0.8086 0.1481 0.0395
1957 0.0015 0.949 0.0412 0.0084
1958 0.0028 0.0276 0.0286 0.941
1959 0.006 0.1538 0.7678 0.0725
1960 0.0084 0.2131 0.1708 0.6077
1961 0.1474 0.4301 0.3106 0.1119
1962 0.0054 0.258 0.6833 0.0533
1963 0.02 0.1235 0.1266 0.7299
1964 0.0084 0.134 0.7695 0.0881
1965 0.0079 0.065 0.0628 0.8643
1966 0.0085 0.1219 0.1654 0.7042
1967 0.0018 0.0193 0.0173 0.9617
1968 0.7422 0.0931 0.1148 0.0499
1969 0.011 0.5449 0.1833 0.2608
1970 0.0099 0.3356 0.2453 0.4092
1971 0.0021 0.0265 0.0216 0.9498
1972 0.0014 0.9561 0.0341 0.0084
1973 0.0354 0.6441 0.2395 0.081
1974 0.0069 0.0896 0.1152 0.7883
1975 0.0207 0.5484 0.3747 0.0562
1976 0.0059 0.2182 0.7436 0.0323
1977 0.0106 0.1803 0.1203 0.6888
1978 0.0109 0.1639 0.7913 0.0339
1979 0.0084 0.0672 0.0686 0.8558
1980 0.0021 0.9268 0.0516 0.0196
1981 0.0129 0.1633 0.6899 0.1339ineering 76 (2015) 66–74 73
.3. Flood clustering
Asdiscussedabove, theﬂood intensity canbedeterminedbyﬁve
ndicators: the peak discharge, the peak level, the maximum 24-h
olume, the maximum 72-h volume and the total ﬂood volume. All
hese indicators are constitutions of the ﬂood event but they are
ot consistentwith each other. In order to facilitate the comparison
nd understand the difference between different ﬂood events, we
ivided the ﬂood intensity into four classes: catastrophic ﬂood (I),
igh ﬂood (II), normal ﬂood (III) and small ﬂood (IV). The fuzzy c-
eans (FCM) algorithmwas used for the clustering. Before the FCM
lgorithm is applied, the following parameters must be speciﬁed:
1) the number of clusters, c; (2) the fuzziness exponent, m; (3)
he termination tolerance, ε. In this paper, three parameter values
re chosen as c=4, m=2 and ε=1e−5, respectively. According to
he fuzzy c-mean (FCM) algorithm, the membership matrix U of
lement uij is calculated. The resulted matrix U by FCM method
s given in Table 3. The uij is a numerical value in [0, 1] that tells
he degree to which the element xj belongs to the ith cluster. The
utputmembershipmatrixU isused todetermine the typesofﬂood
n the way that the jth ﬂood xj is assigned to the ith cluster if uij is
he largest among {u1j, u2j,. . .}, that is, xj is to be assigned to the ith
luster to which uij has the maximum over its class membership.
or example, the value of u3,1 display that the ﬂood in 1955 belongs
o thenormalﬂood. Thevalueofu1,14 displays that theﬂood in1968
elongs to the catastrophicﬂood. Thevalueofu2,19 displays that the
ood in 1973 belongs to the high ﬂood. The value of u4,34 displays
hat the ﬂood in 1988 belongs to the small ﬂood. The clustering
esults (shown in Fig. 11) matched very well with the actual ﬂood
ituation in Wujiang River. By FCM algorithm, the ﬂoods in 1968,
994, 2002 and 2006 were the catastrophic ﬂood (Class I), which
as in accordance with the previous analysis. The results showYear U matrix
I II III IV
1982 0.0011 0.0213 0.9723 0.0054
1983 0.0051 0.7695 0.1601 0.0652
1984 0.0091 0.2687 0.1797 0.5424
1985 0.0178 0.7112 0.2186 0.0524
1986 0.0051 0.0962 0.0883 0.8105
1987 0.0073 0.1642 0.1067 0.7218
1988 0.0054 0.0482 0.0456 0.9009
1989 0.0017 0.027 0.0221 0.9492
1990 0.0055 0.0816 0.0957 0.8172
1991 0.0168 0.1146 0.1082 0.7603
1992 0.0258 0.1684 0.721 0.0848
1993 0.0224 0.7205 0.1911 0.066
1994 0.9803 0.0074 0.0082 0.0041
1995 0.0046 0.8208 0.1166 0.058
1996 0.0094 0.2849 0.2151 0.4906
1997 0.0491 0.2074 0.6225 0.1209
1998 0.0033 0.1639 0.8109 0.0219
1999 0.0042 0.8709 0.0813 0.0437
2000 0.0063 0.138 0.1061 0.7496
2001 0.0015 0.9581 0.0293 0.011
2002 0.6462 0.1453 0.1456 0.0629
2003 0.0016 0.0259 0.0223 0.9502
2004 0.0006 0.0077 0.007 0.9847
2005 0.0092 0.7403 0.1808 0.0696
2006 0.6543 0.1287 0.1295 0.0875
2007 0.0066 0.7072 0.2298 0.0565
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in Germany in the period 1951–2002. J. Hydrol. 371 (1–4), 129–141.Fig. 11. The ﬂood clustering results of Wujiang River from 1955 to 2007.
erspective, ﬂood inWujiangRiver should behighly concerned and
he ﬂood-control works need to be strengthened to guarantee the
ood conveying capacity in the ﬂood season.
. Conclusions
Flood indicators are generally used to understand ﬂoods from
anagement perspective. However, any single indicator alone
annot reﬂect a ﬂood process properly because a ﬂood event is
escribed by complex factors inﬂuencing the variation of ﬂood
ntensity, just like the ﬁve indicators proposed in this paper. The
lustering technique was proved to be an effective tool to evalu-
te the effects of ﬂood intensity. The cluster detection algorithm
earches for groups or cluster of data elements that are similar to
ne another.
To understand ﬂood events in Wujiang River, ﬁve indicators,
ncluding the peak discharge, the total ﬂood volume, the ﬂood peak
evel, the maximum 24-h volume and the maximum 72-h volume,
ere analyzed in this study. Trend analysis for the yearly maxi-
um ﬂood events from 1955 to 2007 shows that the peak ﬂood
ischarge, the total ﬂood volume and the maximum 72-h volume
ave a continuousweak increase tendency at themarginally statis-
ically signiﬁcant. The ﬂood peak level does not show a statistically
igniﬁcant trend at the 95% signiﬁcant level. The maximum 24-h
olume exhibits an increasing trend at the 90% signiﬁcant level.
According to results by the fuzzy c-means algorithm, the num-
er of ﬂoods type I and type II varies from the 1950s to the
1st century and exhibits an overall increase trend. The chance of
ncountering ﬂoods type I and type II is greater than encountering
ood type III. Floods are found to be more serious in Wujiang River
fter the 1990s.
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